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We study the next-to-minimal supersymmetric standard model with the TeV scale mirage medi¬ 
ation. The 125 GeV Higgs boson mass is realized with 0(10)% tuning for 1.5 TeV gluino and ITeV 
stop masses. This talk is based on Refs. UM- 


I. INTRODUCTION 

Supersymmetric extension of the standard model is one of interesting candidates for the physics beyond the 
standard model. The LHC Run I did not find any superpartners, but put lower bounds for superpartner masses, 
e.g. about 1.5 TeV for the gluino mass and 700 GeV for the stop mass. 

Within the framework of the minimal supersymmetric standard model (MSSM), the Z-hoson mass, mz, is 
obtained as 


m| ~ ■ ( 1 ) 

Here, and are the soft supersymmetry (SUSY) breaking scalar mass squared of the up-sector and 

down-sector Higgs fields. On the other hand, pi is the supersymmetric Higgs and higgsino mass and the corre¬ 
sponding superpotential term is written by 


k^MSSM-Higgs = pHuHd, (2) 

where and Hd are up-sector and down-sector Higgs superfields. The gluino mass Mg is dominant in radiative 
corrections on for many models, e.g. the constrained MSSM, and then we obtain ~ —Mi- Thus, if 
the gluino mass as well as the stop mass is of 0(l)TeV, we need fine-tuning among and to derive 

the correct value of mz- Indeed, the stop mass is required to be of 0(l)TeV or more in order to realize the 125 
GeV Higgs mass. Furthermore, in the MSSM, pi is the supersymmetric mass and there is no reason why pi is of 
the same order as soft SUSY breaking masses. That is the so-called /i-problem Q. 

The /i-problem can be solved by extending the MSSM to the next-to-minimal supersymmetric standard 
model (NMSSM), where we add the singlet chiral multiplet S Q (see for review e.g. Q). Then we can write 
the following superpotential terms including S, 


kFNMSSM-Higgs 


XSHuHd + 


( 3 ) 


We forbid the above /i-term as well as the supersymmetric mass term of S by assuming the symmetry. 
Thus, there is no supersymmetric mass terms. By analyzing the scalar potential, we can determine the vacuum 
expectation value (VEV) of S, which depends only on soft SUSY breaking parameters. Then, we can obtain 
the effective /i-term, pt = X < S >, which is of the same order as other soft SUSY breaking parameters. Even in 
the NMSSM, we face the fine-tuning problem when ~ —M^ and the gluino mass as well as the stop mass 
is of e>(l)TeV. 

The concrete behavior of radiative corrections on m^^ as well as other soft masses depends on explicit 
spectrum of superpartners, that is, the mediation mechanism of SUSY breaking. The mirage mediation is 
one of interesting mediation mechanisms and it is a mixture between anomaly mediation and modulus 

mediation. In the mirage mediation, the radiative corrections and anomaly mediation cancel each other at a 
certain energy scale, where the SUSY spectrum appears as the pure modulus mediation. Such an energy scale 
is called the mirage scale. The TeV scale mirage mediation sets this energy scale around TeV scale. Then, 
has no large radiative corrections due to M 3 . Indeedjit was pointed out that the TeV scale mirage mediation 
can ameliorate the fine tuning problem in the MSSM (9l-llll|. (Non-universal gaugino masses with a certain ratio 
may be useful to ameliorate fine-tuning [l^.) 

In this talk, we apply the TeV scale mirage mediation to the NMSSM in order to improve the fine-tuning 
problem with deriving the 125 GeV Higgs mass. 
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II. TEV SCALE MIRAGE MEDIATION 


Here we give a brief review on the mirage mediation @ . The mirage mediation is the mixture of the modulus 
mediation and the anomaly mediation with a certain ratio, which would be determined by the modulus stabi¬ 
lization mechanism and SUSY breaking mechanism. In the mirage mediation, the gaugino masses are written 
by 


MaiMaur) = Mg + -^^bagl, (4) 

where ga and ba are the gauge couplings and their /3 function coefficients, and 7713/2 denotes the gravitino 
mass. We assume that the initial conditions of our SUSY breaking parameters are input at the GUT scale, 
Mgut = 2 X 10^® GeV. The first term. Mg, in the right hand side denotes the gaugino mass due to the pure 
modulus mediation, while the second term corresponds to the anomaly mediation contribution. In addition, we 
can write the soft scalar masses of matter fields (jf and the so-called A-terms of corresponding to the 

Yukawa couplings yijk as 


where 

7. = 2^ 32^2“ (<^0 

a 


AijkiMcuT) = aijkMg — (7i -I- 7/ -I- jk) 

rnfiMaur) 




Stt^ 


W 3/2 
87r2 ’ 


jk 


a jk ^ 


(5) 

( 6 ) 


Here, 7 ^ denotes the anomalous dimensions of (jf and denotes the quadratic Casimir corresponding to 

the representation of the matter field </)*. In the right hand side, OijkMg and CiMg denote the A-term and soft 
scalar mass squared due to the pure modulus mediation. These coefficients, Oijk and Cj, are determined by 
modulus-dependence of the Kahler metric of (jf, (jF and (j)^ as well as Yukawa couplings. Indeed, by using the 
tree-level Kahler metric, the coefficient Ci is explicitly calculated as a fractional number such as 0,1,1/2,1/3. 
We would have 0 (l/ 87 r^) of corrections on Ci due to the one-loop corrections on the Kahler metric. Such a 
correction would be important when Ci = 0, but that is model-dependent. Here, we consider the case with 


^ijk — G C/ -j- Ck- 

It is convenient to use the following parameter Q, 

^ ^ 3/2 

“ “ Mo ln(Mp;/7773/2) ’ 


(7) 

( 8 ) 


to represent the ratio of the anomaly mediation to the modulus mediation. Here Mpi is the reduced Planck 
scale. 

The mirage mediation has a very important energy scale, that is, the mirage scale defined by. 


M,,i, = 


Mgut 


The above spectrum of the gaugino masses at Mgut leads to 0 , 

MaiM^ir) = Mo, 


(9) 

( 10 ) 


at the mirage scale. That is, the anomaly mediation contributions and the radiative corrections cancel each 
other, and the pure modulus mediation appears at the mirage scale. Furthermore, the A-terms and the scalar 
mass squared also satisfy 

Ai/fc(Af„iir) = (Ci -|- Cj + Ck)Mo, m/(Miiiir) = CiMg, (11) 

if the corresponding Yukawa couplings are small enough or if the following conditions are satisfied, 

^ijk — Ci Cj Ck — 1, (7 ^) 

for non-vanishing Yukawa couplings, yijk 0- 

When a = 2, the mirage scale M^u is around 1 TeV. Then, the above spectrum dm and (EH) is obtained 
around the TeV scale. That is the TeV scale mirage mediation scenario. In particular, there would appear a 
large gap between Mg and the scalar mass nii with « 0. We will apply the TeV scale mirage scenario to the 
NMSSM in the next section. 
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III. NMSSM IN TEV SCALE MIRAGE MEDIATION 
A. NMSSM 


Here, we briefly review on the NMSSM, in particular Its Higgs sector. We extend the MSSM by adding a 
singlet chiral multlplet S and imposing a symmetry. Then, the superpotential of the Higgs sector Is written 
as Eq. Here and hereafter, for S, and Hd we use the convention that the superheld and Its lowest 
component are denoted by the same letter. 

The following soft SUSY breaking terms in the Higgs sector are induced, 

Ksoft = ~ ^A\SHuHd + + h.c. (13) 

Then, the scalar potential of the neutral Higgs helds is given as 

U = X^\S\\\Hl\^ + \Hy) + \kS^ - + Vd 

~ XA\SH^Hd + — + h.c., (14) 

with 

VD = l{9l+9l)i\H°d\^-\H^J^r, (15) 


where 91 and g 2 denote the gauge couplings of U(1 )y and SU(2). Similarly, there appear the soft SUSY breaking 
terms including squarks and sleptons as well as gauglno masses. These are the same as those In the MSSM. 
The minimum of the Higgs potential is obtained by analyzing the stationary conditions of the Higgs potential. 


dV dV dV 

ml ~ ml ~ 


Here, we denote VEVs as 


v^ = {\HI\^) + {\H:\^), tan/3 = 


(Hi) 

{Hir 


s = (S). 


Using the above stationary conditions, we obtain the Z boson mass S'® 


(16) 


(17) 


m 


2 _ 
z — 


1 — cos 2/3 
cos 2/3 




1 + cos 2/3 
cos 2/3 


m 


2 

Hi 


2k, 


(18) 


where 9 , = As. For tan/3 ^ 1, this equation becomes Eq. (HD. That is, this relation is the same as the one in 
the MSSM. Thus, the natural values of and |/i| would be of 0(100) GeV. Furthermore, the natural value 

of |mjy^|/tan/3 would be of 0(100) GeV or smaller. Alternatively, |/r| and |/tan/3 could be larger than 
0(100) GeV when 9 ^ and t&of f3 are canceled each other in the above relation at a certain level. Even 

In such a case, \mH„\ would be naturally of 0(100) GeV. On the other hand, other sfermion masses as well as 
gauglno masses must be heavy as the recent LHG results suggested. To realize such a spectrum, we apply the 
TeV scale mirage mediation in the next section, where we take = 0 to realize a suppressed value of 
compared with Mq. 


B. TeV scale mirage mediation 

Here, we apply the TeV scalar mirage mediation scenario to the NMSSM and study its phenomenological 
aspects. Soft SUSY breaking terms are obtained through the generic formulas (HD and m with taking a = 2 . 
We concentrate on the Higgs sector as well as gauglnos and stops. 

A concrete model in the mirage mediation is fixed by choosing Ci. We consider the following values of [l[, 

1 

2 ’ 


Cjtd = 1 


= 0 , 


cs = 0 


^tL ^tR 


(19) 
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up to one-loop corrections for Hd, Hu, S, and left and right-handed (s)top fields, respectively. Then, the soft 
parameters due to only modulus mediation contribution are given by 


(^t)modulus — (.^A)modulus — ^0, (.^ft)modulus — 0; )modulus — IHq , 

) modulus — (^^^)modulus — 7,-^0 ^ 


_ 


\ 


( 20 ) 


up to one-loop corrections. The above assignment of c. m satisfies the condition, (na for the top Yukawa 
coupling and the coupling A, but not for the coupling k. However, we do not consider a large value of k to avoid 
the blow-up of k and A. Thus, we obtain the following values. 


At ~ A). 


Mn 


‘‘Hd 


Ml 


m\ 


th 


tR 


- A/f2 


up to /Stt'^) at the TeV scale. Similarly, at the TeV scale we can obtain 




0 , 


0, |A1«|2«0, 


( 21 ) 


( 22 ) 


up to 0{Mq/8tt'^). That is, values of hiI and m| are suppressed compared with Ml and their explicit 

values depend on the one-loop corrections on the Kahler metric. Thus, we use as a free parameter, which must 
be small compared with Mq. In addition, we determine the values of rnl^, m| and p, (= As) at the electroweak 
scale from the stationary conditions, (dD, where we use the experimental value = 91.19 GeV and 

tan /? as a free parameter. 

Through the above procedure, the parameters, rnl^, and /i, at the electroweak scale are expressed by 
tan/3, rnl^, A\. For tan/3 ^ max(l,/t/A), these parameters are approximated as. 


0 = HS) 


‘■Hd 


Ax tan (3 ’ 


ml 




-2 




‘■Hd 


A\ tan j3 


•■Hd 



52 


'"■Hd _ 

tan^ /3 A\ tan^ /3 


(23a) 

(23b) 

(23c) 


See for more precise results Refs. Bi- When tan/3 = 0(10), the values of pL, and |ms| are smaller 

than Mo by the factor tan/3 because mUd — Ha ~ Mq. Thus, the values of p, and could be of 0(100) 

GeV while the other masses of the superpartners are of 0(Mo) = 0(1) TeV. Then, the fine-tuning problem can 
be ameliorated. Furthermore, one can see that the first and the second terms in the last equation cancel each 
other for our choice of c^. The next leading contributions are of 0(m^^/ taiA 0) or 0{ml^p/ tan^ /3 Ha). Thus, 
ml is almost determined by ml^ alone and insensitive to the value of p. This means that actually tan /3 Ri 3 
is enough to obtain the fine-tuning of jcllnm^/^lnml^ = mH2ml^ = 0(100)% for Mq « 1 TeV. In this 
case, p can be as heavy as 0(400) GeV without introducing further fine-tuning. 


C. Higgs sector and fine-tuning 

Here, we show some numerical results on the Higgs sector and fine-tuning. (See in detail Refs.[I|, l^.) Figure 
[T] shows masses of the two light CP-even Higgs bosons, hi and / 12 , as a function of A and k for tan/3 = 10 and 
Mo = 1500 GeV. The red curve in the figure indicates the boundary where A and k blow up at the Planck 
scale. Inside this curve the model remains perturbative until the Planck scale. The yellow region is disfavored 
due to the false vacuum (see in detail [l^)- the lightest CP-even Higgs boson mass can not reach 125 GeV. 
Instead, the second lightest CP-even Higgs boson mass can be 125 GeV. In this region, the coupling squared 
to the gauge boson indicates that hi almost consists of the singlet and hence /12 is almost doublet. For small 
tan/3, e.g. tan/3 = 3, there is a parameter region, where the lightest Higgs boson has 125 GeV mass, too. 

We numerically estimate the degree of fine-tuning of the electroweak symmetry breaking in our model. Fol¬ 
lowing the standard lore, we define the fine-tuning measure of a observable y against an input parameter x 
as, 

^ dHy) 

" ain(i)' 


( 24 ) 
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FIG. 1: The CP-even Higgs masses for tan/3 = 10, Mq = 1500 GeV, A^. = —100 GeV 

To evaluate the electroweak symmetry breaking, we set y = and as x, we take A, k and the small parameters, 
ms and A^, at the SUSY scale. Note that the large parameters such as mn^,, Ax are not free parameters in 

our model and fixed by the ultraviolet physics. Figure [2] shows the fine-tuning measures Ax ^ for the tan/3 = 10 
case in the parameter region leading to 124GeV < < 126GeV. In the left panel, we take Mq = 1500 GeV 

and Ak^ = —100 GeV. The fine-tuning measures Ax ^ is of 0(10) or smaller. The worst value is obtained for 
Ax ^ with X = m'jj . However, the severe fine-tining is not required, but 0(10)% tuning is enough for any 
parameter x. The right panel shows A^f for Mq = 3 TeV and Mq = 5 TeV (tan j3 = 20) compared with 

Mq = 1.5 TeV (tan /3 = 10) case. It is remarkable that only 0(1)% fine-tuning is required even for such a heavy 
spectrum. That is, even the 5 TeV case is acceptable in the standard of the conventional models build around 
1 TeV such as the constrained MSSM. 




FIG. 2: The fine-tuning measures for tan/3 = 10, = —100 GeV. 


For small tan/3, e.g. tan/3 = 3, we can realize a simliar value of fine-tuning measures, Ax ^ < 0(10) in the 
parameter region leading to 124GeV < < 126GeV for the lightest Higgs mass. (See in detail Refs.[l|, 0.) 

All of three gaugino masses are equal to Mq and heavy, and squark and slepton masses are similarly heavy. 
The value of /i can vary from 100 GeV to about 500 GeV without introducing further fine-tuning. The singlino 
mass is similar to@/r. Then, their mixing would be the lightest supersymmetric particle. 
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IV. CONCLUSION 

We have studied the NMSSM in the TeV scale mirage mediation. We can realize the 125 GeV Higgs mass 
without severe fine-tuning. 0(10)% tuning is sufficient in our model, where cancellation between the first and 
the second terms in Ea. (l23cll is significant. The size of p, is insensitive to mz, and it can be of 0(400) GeV 
without introducing further fine-tuning. 
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